Controlled manipulation of particles (both synthetic and biological) is a topic of considerable importance in fundamental and applied research such as biomedical and biochemical research,^[@ref1],[@ref2]^ diagnostics and therapeutics,^[@ref3]^ drug discovery and delivery systems,^[@ref4]−[@ref6]^ and self-cleaning and antifouling technologies.^[@ref7]−[@ref9]^ Specifically, in biomicrofluidics, single particle or cell manipulation enables analysis at the single cell level, revealing differences among individual cells not seen at the population level. To date, a variety of technologies has been developed to manipulate particles in fluids by acoustic, dielectrophoretic, hydrodynamic, inertial, optical, and magnetic methods or by self-propulsion.^[@ref10]−[@ref18]^ Some methods have shown controlled 2D or even 3D particle manipulation and have made a significant impact in specific applications.^[@ref17]^ However, many of these methods operate within the bulk of the fluid and allow for only limited controllability of the transportation trajectory and speed. In addition, they often require that particles have specific properties or make use of an acoustic or electrical field which limits the application range. To enhance control, surface transportation can be utilized as has been achieved by robotic systems,^[@ref19],[@ref20]^ but these methods suffer from a rather complex design and fabrication process. Thus, it is of considerable interest, from both a scientific and a technological point of view, to create alternative methods to controllably transport individual particles over surfaces, preferably in multiple directions and in a facile way.

Inspiration to achieve this can be found in nature, where nonreciprocally beating cilia (*i.e.*, slender microscopic hair-like protrusions of cells) act to transport fluids and particles in many biological systems.^[@ref21]^ Specific examples are the transportation of egg cells to the uterus by motile cilia lining the inner walls of the fallopian tubes,^[@ref22]^ transportation of mucus and infectious agents out of the respiratory tract by motile cilia in the mammalian windpipe,^[@ref23]^ and directed transportation of nodal vesicle particles in the embryonic node.^[@ref24]^ Motivated by these examples, computational studies have been conducted to analyze the capability of artificial cilia to manipulate particles and repel fouling agents from the ciliated surface.^[@ref25]−[@ref27]^ Recently, we experimentally demonstrated that magnetic artificial cilia (MAC) are capable of removing microparticles and microalgae from the ciliated area, creating a self-cleaning and antibiofouling surface.^[@ref28],[@ref29]^ In addition, MAC were experimentally shown to be able to transport droplets.^[@ref30]−[@ref32]^ Another experimental study demonstrated that MAC can be used to transport a viscoelastic particle in air, albeit at low speed (90 μm/s), not easily controlled, and only unidirectionally.^[@ref33]^ However, many applications require particles to be transported over a more complex trajectory in a controlled manner while still using a simple actuation system. Up to now, this has not been achieved yet.

Here, we introduce a platform based on MAC that is capable of transporting individual microparticles in a controlled manner, both in liquid and in air, multidirectionally and to any desired location. We use polylactic acid (PLA) particles with a size ranging from 400 to 800 μm as model particles. Through actuation by a rotating permanent magnet, the MAC perform a tilted conical motion, similar to that found in the embryonic node,^[@ref24]^ and introduced by Downton and Stark in 2009 for magnetic artificial cilia.^[@ref34]^ This motion leads to the continuous transportation of the particles along designated directions at a speed up to 800 μm/s. The microparticle transportation direction is determined by the combination of the rotational and tilting direction of the cilia.

To understand the underlying transport mechanism, a numerical model is used to simulate the particle manipulation over a ciliated surface. A magnetically anisotropic bead--spring model is used to model the ciliary motion. In the model, the particle interacts with the cilia by adhesive and frictional forces, while remote hydrodynamic interactions between cilia and particle are accounted for. The simulated particle behavior and trajectories agree well with the experimental results and reveal a transport mechanism based on the combination of cilia--particle interaction and cilia motion that can be fully controlled by the external magnetic field.

This work forms a major step forward compared to our earlier work.^[@ref28],[@ref29],[@ref35]^ In the work reported in 2018, we demonstrated the fabrication process of the MAC and showed their capability of generating versatile microfluidic flow, creating an on-chip integrated micropump.^[@ref35]^ In 2019, we showed how synthetic particles can be collectively removed from ciliated surfaces, due to the strong local fluid flow generated by the MAC, but in which no precise control of the direction and speed of individual particles could be achieved.^[@ref28]^ Recently, we also demonstrated the capability of our MAC for creating antibiofouling and self-cleaning surfaces using a real fouling agent (microalgae).^[@ref29]^ The underlying mechanism in these earlier studies is the substantial flow created by the MAC motion, collectively removing the synthetic particles and microalgae from the ciliated area. In the current work, we demonstrate the fully controlled transportation of individual particles in specific directions over the ciliated surface and we study the underlying mechanism thoroughly using the combination of experiments and numerical modeling. We conclude that the key mechanism in the current method that sets it apart from our previous and other methods is the continuous contact between the MAC and the particle rather than the local flow generated by the MAC, offering enhanced control over the particle motion due to cilia--particle adhesion and friction.

Results and Discussion {#sec2}
======================

Experimental System and Controlled 2D Transportation of Microparticles {#sec2.1}
----------------------------------------------------------------------

The artificial cilia used here are the so-called LAP MAC (magnetic artificial cilia with linearly aligned magnetic particles along the cilia's long axis) reported in our previous work.^[@ref35]^ The MAC, made of polydimethylsiloxane (PDMS) containing magnetic microparticles, were fabricated using a facile and reproducible micromolding process ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The details of the fabrication method can be found in the [Materials and Methods](#sec4){ref-type="other"} section. The molded MAC have a cylindrical shape with a diameter of 50 μm and a height of 350 μm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). By fabricating molds containing microwells with different pitches, MAC arrays with a variable pitch of 350, 450, and 550 μm were created. Each cilia array consisted of 10 × 10 + 9 × 9 = 181 cilia, arranged in a staggered configuration, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B.

![Experimental results, showing schematically the magnetic artificial cilia (MAC) fabrication and actuation, as well as the resulting MAC, cilia motion, and particle transportation. (A) Schematic drawing of the fabrication process of the MAC (see [Materials and Methods](#sec4){ref-type="other"}). CIP represents the used magnetic particles carbonyl iron powder. (B) Top- and side-view scanning electron microscopy images of a fabricated MAC array; the MAC have a diameter, length, and pitch of 50, 350, and 450 μm, respectively. (C1,C2) Schematics of the actuation setup with MAC integrated in a circular-channel chip placed on a supporting plate and underneath a microscope (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf) for more details). Reproduced with permission from ref ([@ref35]). Copyright 2018 Elsevier B.V. (C3) Schematic drawing of a rotating cilium performing a tilted conical motion in perspective view; the direction of the effective stroke (ED, red arrow), the tilting direction (TD, yellow arrow), and the amplitude of the cilia motion (α, in this article α = 36°) are indicated. (D) Top view of actuated MAC: 25 superposed frames completing one full rotation cycle; the MAC perform a tilted conical motion with the effective stroke direction (red arrow) and the tilting direction (yellow arrow) as indicated in the image. (E) Top-view time-lapse trajectory of a particle transported along one direction (blue arrow) in deionized water. The particle is a 500 μm polylactic acid particle and the MAC have a pitch of 450 μm, with the cilia performing a tilted conical motion at 1 Hz; the effective stroke direction and the tilting direction are indicated in the image and are the same as in panel D. The image is an overlay of 14 images of the particle at different locations during the transportation. See [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_001.mp4). (F) Top-view time-lapse trajectory of a transported particle along a "z"-shaped trajectory in deionized water. During this experiment, the direction of the effective stroke and the tilting direction were changed a number of times to change the direction of the particle motion. The image is an overlay of 22 images of the particle at different locations. See [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_003.mp4).](nn0c03801_0001){#fig1}

The cilia arrays were integrated in a microfluidic chip, located on the bottom of a circular channel filled with either deionized water or air ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C1). For the particle transportation experiments, a microparticle was loaded on the ciliated surface (for details, see the [Materials and Methods](#sec4){ref-type="other"} section). The MAC were actuated by a home-built magnetic setup ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C2 and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf)) to perform a tilted conical motion ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C3,D), which consists of an effective stroke when the cilium is oriented perpendicular to the surface and a recovery stroke when the cilium is moving close to the surface. As the MAC follow the externally applied magnetic field instantaneously, the revolution frequency of the MAC is identical to the rotation frequency of the motor (*i.e.*, the actuation frequency).^[@ref35]^ Notably, the cilia tilting direction (shown by the yellow arrow) can be modified by changing the relative location of the magnet to the cilia (*i.e.*, by changing *d* in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C2); moreover, the revolution direction of the cilia, and hence the direction of the effective stroke (shown by the red arrow), can be reversed by simply reversing the rotation direction of the motor. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E shows that, through the continuous actuation of an array of cilia with a pitch of 450 μm, a 500 μm PLA particle in deionized water is transported in a direction that is determined by the directions of the effective stroke and the tilt of the cilia motion (as also shown in the [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_001.mp4)). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F shows that, by changing the effective stroke direction and the tilting direction of the MAC in a specific manner over time, the particle can be transported along different designated directions and hence can be directed to any location on top of the cilia array (see the [Multidirectional Particle Transport on Ciliated Surfaces](#sec2.5){ref-type="other"} section for details; see also [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_003.mp4)).

Particle Transportation Mechanism {#sec2.2}
---------------------------------

We developed a numerical model to validate and explain the experimental results, using the methodology described in the [Materials and Methods](#sec4){ref-type="other"} section. In the simulations, the cilia are represented by strings of beads that are connected by springs.

The numerical results are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, which displays a three-dimensional representation of the simulations, as well as snapshots of a particle being transported for one pitch length of the cilia array. At the beginning of the simulation, the particle is located in the center of a grid of four cilia, resting on top of cilia 3--6 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). When the cilia start performing the tilted conical motion from this time point onward, the particle moves with the cilia tips initially because of both the pushing forces from cilia 3 and 4 and the adhesive pulling forces from cilia 5 and 6 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, left). Subsequent bending of the cilia results in an increase in contact area between the particle and cilia 5 and 6, causing an increase of the corresponding adhesive pulling forces, whereas the contact area between the particle and cilia 3 and 4 stays approximately the same or even reduces. When the bending of the cilia is such that the forces from cilia 5 and 6 exceed the sum of adhesive and friction forces from cilia 3 and 4, the consequent net force causes the particle to separate from cilia 3 and 4 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, right). We have provided a brief discussion on the importance of adhesion and friction in section SI4 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf) (see also [Movies S4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_005.mp4) and [S5](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_006.mp4)). Then, the particle follows the rotation of cilia 5 and 6, making a turn (as seen from the top view in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F). During this part of the cycle, the motion of cilia 5 and 6 is hindered by the presence of the particle, which causes a distortion from the original conical trajectory for these cilia ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, left). When the distortion reaches its maximum, the elastic energy of these cilia overcomes the constraint from the particle, and the cilia almost completely restore their alignment with the magnetic field. Meanwhile, the particle rolls around cilium 6 while adjusting its contact point with cilium 5 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, right). As a result, the relative position of the particle to the cilia has changed, so that the particle has made a small net forward motion. After one (or several) cycles, the particle gets into contact with cilia 7 and 8, which pull the particle further forward and constrain the particle from going back ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). During this stage, cilia 5 and 6 can successfully slide underneath the particle so that their relative positioning with respect to the particle has now changed (compare [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D with [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B). Consequently, the particle has moved one cilia pitch forward from cilia 3--6 onto cilia 5--8 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). We note that the particle separation from cilia 3 and 4, the distortion of cilia 5 and 6, as well as the establishment of the adhesive contact with cilia 7 and 8 are critical to achieve effective particle transportation. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F shows a direct comparison between simulated and experimentally observed particle transportation. It may take multiple rotation cycles to transport the particle one full cilia pitch, depending particularly on the level of particle--cilia adhesion (*e.g.*, in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F it takes two cycles to transport one pitch, whereas in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--E, it takes only one). We will get back to this important aspect in the following section on actuation frequency. A top-view time-lapse trajectory of a transported particle in water from the simulations can be found in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}G,H (see also [Movies S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_001.mp4) and [3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_004.mp4)), which agree well with the experimental results shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E,F.

![Particle transportation mechanism. (A--E) Perspective view of a particle transportation cycle, shown in snapshots taken from our simulations. The cilia are represented as strings of beads. The particle is made semitransparent to show the particle and cilia positions clearly---see the text for a detailed explanation. (F) Snapshots from both the simulations (top view and side view) and the experiments (top view), in which a 500 μm PLA particle is transported one cilia pitch. The red arrow, yellow arrow, and blue arrow are the effective stroke direction, cilia tilting direction, and particle transportation direction, respectively; see [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_001.mp4). From panel A to panel F, all computational parameters are as stated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} except the adhesive strength which is *D* = 8 × 10^--13^ J and the cilia rotational frequency is 7 Hz. (G) Top-view time-lapse computed trajectory of a particle transported along one direction at 1 Hz; see [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_001.mp4). (H) Top-view time-lapse computed trajectory of a transported particle along a "z"-shaped trajectory using the same protocol as in the experiment shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F at 7 Hz; see [Movie S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_004.mp4). For panels G and H, all computational parameters are stated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.](nn0c03801_0002){#fig2}

To verify this mechanism further, we also performed experiments in which some of the cilia in the array were nonmagnetic or even removed. Details of these experiments can be found in [SI5](#notes1){ref-type="notes"} and [Movie ESI 6](#notes1){ref-type="notes"}. These results support the mechanism described above and confirm that the directional and continuous particle transportation is realized due to the coordinated cooperation between all six neighboring cilia. The most important factors are the adhesion and friction between the particle and the cilia. If the adhesion is too strong, the particle will stay on top of four cilia permanently; on the contrary, if the adhesion is too weak, the particle will either just rotate on top of the same four cilia or be repelled from the ciliated area by the cilia-created fluid flow; see our earlier work.^[@ref28]^ This can be seen in [Movie S7](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_011.mp4), in which the particle--cilia adhesion was reduced by adding 1 vol % sodium dodecyl sulfonate to the water. As our particle transportation system relies only on the combination of cilia motion and cilia--particle interaction and does not depend on hydrodynamic forces or inertia, the particle transportation is highly controllable. The independency of inertia is demonstrated in [Movie S8](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_012.mp4), in which the effect of inertia is switched off by making the mass density of the particle equal to that of the fluid, that is, ρ~p~ = ρ~H~2~O~ (see [eqs [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} and [11](#eq11){ref-type="disp-formula"} in the [Materials and Methods](#sec4){ref-type="other"} section), showing that the particle can then still be directionally transported by the MAC.

Effect of Actuation Frequency and Cilia--Particle Adhesion and Friction on Particle Transportation in Water {#sec2.3}
-----------------------------------------------------------------------------------------------------------

The transportation speed depends on the magnetic actuation frequency, equal to the revolution frequency of the MAC, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, for a 500 μm PLA particle. The experimental results (black line) show that the transportation speed initially increases with the actuation frequency and peaks at 800 μm/s for an actuation frequency of 7 Hz, after which the speed drops at higher frequencies. Notably, the transport speed is proportional to the actuation frequency up to 7 Hz, and for these frequencies, it takes on average approximately three rotation cycles to advance the particle over one cilia grid, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B. The linear relationship between transportation speed and rotational frequency indicates that inertial effects are not at play in this frequency range. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, the particle transportation speed is well-predicted by the numerical simulations over the complete frequency range for an adhesive strength of *D* = 3.2 × 10^--13^ J and a friction constant of *C*~fr~ = 1 × 10^--1^ N/m.

![Transportation of PLA particles in deionized water. (A) Transportation speed as a function of the actuation frequency (equal to the rotation frequency of the cilia) for both the experiments and the numerical simulations. Each experimental data point was obtained by averaging the results of at least three identical but separately performed experiments; the error bar represents the standard deviation. The numerical results were obtained with *C*~fr~ = 1 × 10^--1^ N/m and two values for the adhesive strength: *D* = 3.2 × 10^--13^ J and *D* = 8 × 10^--13^ J (and all other parameters as stated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). (B) Transportation inefficiency as a function of the actuation frequency for both the experiments and the numerical simulations based on the data from panel A. This quantity is defined as the average number of rotation cycles of the cilia needed to advance the particle one cilia pitch forward. The larger the number, the less efficient the transportation. The error bars are the standard deviations of at least three identical but independent experiments. In panels A and B, the particle is a 500 μm PLA particle with a pitch of 450 μm. (C) Particle transport speed as a function of adhesive strength *D* and friction constant *C*~fr~, as found from the numerical simulations, for a fixed actuation frequency of 7 Hz. The current experiments are best fitted using *D* = 3.2 × 10^--13^ J and *C*~fr~ = 1 × 10^--1^ N/m, indicated in the graph as the left white asterisk. The right white asterisk corresponds to *D* = 8 × 10^--13^ J and *C*~fr~ = 1 × 10^--1^ N/m. Both adhesive strengths correspond to panels A and B. All other parameters are as stated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. (D) Transportation speed as a function of the particle size to cilia pitch ratio in both water (red bars) and air (blue bars) at an actuation frequency of 1 Hz. The PLA particles have a size range from 400 to 800 μm, and the cilia arrays have a pitch of 350, 450, or 550 μm. The error bars are the standard deviations of at least three identical but independent experiments.](nn0c03801_0003){#fig3}

The reason for the decrease in transportation speed at higher frequencies is that it takes more and more actuation cycles for a particle to travel one cilia pitch; that is, the mechanism depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} becomes less effective at higher frequencies, and more "attempts" are needed for the particle to be transported one step, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B. This is primarily due to the fact that the movement of the particle itself during each cycle decreases, for increasing frequency, by hydrodynamic drag acting on the particle, which limits particle motion and decreases cilia--particle interaction. As a result, more cycles are needed for the particle to accumulate enough displacement to get in sufficient contact with the cilia in front and move to the next cilia in the grid. By enhancing the adhesive interaction between the particle and the cilia, this effect can be counteracted. Indeed, the simulation results in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A show that, by increasing the adhesive strength *D* from 3.2 × 10^--13^ to 8 × 10^--13^ J, the critical frequency at which the transportation efficiency decreases is shifted to higher values, which considerably improves the transportation speed.

For a fixed frequency of 7 Hz, the quantitative effect of cilia--particle adhesion and friction on microparticle transportation speed is shown in detail in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, obtained from numerical simulations. The particle can only be transported effectively if both the adhesion (represented by *D*) and the friction (represented by *C*~fr~) are within a certain range, for which the force balance on the particle is suitable for moving it forward. Indeed, when in the experiments the particle--cilia adhesion was reduced by adding 1 vol % sodium dodecyl sulfonate to the water, the transportation efficiency was significantly reduced (see [Movie S7](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_011.mp4)), consistent with the data in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C can be used as a design guideline to reach optimal transportation speeds (with an upper bound of 1700 μm/s for an actuation frequency of 7 Hz). This can be experimentally explored, for instance, by tuning the surface properties of the cilia or by adding surfactant into the liquid. The former can be done through modifying the surface hydrophobicity (i) by changing the weight ratio of the PDMS base to curing agent, (ii) by changing the curing temperature and duration, (iii) by applying a surface treatment or a coating, and (iv) by choosing other materials than PDMS. Although not investigated explicitly in this study, the stiffness of the cilia will play a role as well as this not only influences adhesion, but it also affects the motion of the cilia; in future work, the cilia bending stiffness can be tuned by tuning the geometry (thickness) or the elastic modulus. In addition to the properties of the cilia, the surrounding environment has an impact on the cilia--particle adhesion and friction as we will see in the next section. In addition to air and water, biofluids such as blood are also interesting media to investigate. However, as the focus of the current work is to demonstrate the controlled particle transportation and to explore the underlying generic mechanism, the testing in biofluids is out of scope of this proof-of-concept paper but forms an interesting topic for future study.

Influence of Particle Size and Cilia Pitch on Particle Transportation in Water and Air {#sec2.4}
--------------------------------------------------------------------------------------

Above, we have shown experimentally that the cilia array with 450 μm pitch is able to directionally transport a 500 μm PLA particle up to a speed of 800 μm/s in water. Here, we experimentally investigate whether the cilia array can transport particles with different sizes. To this end, we used cilia arrays with a pitch of 350, 450, or 550 μm in combination with PLA particles with a mean diameter of 400, 500, 600, 700, or 800 μm. The obtained transportation speed as a function of particle diameter to cilia pitch ratio is plotted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D. It is clear that the cilia array has the capacity to directionally transport particles with a diameter between 1 and 2 times the cilia pitch. For these particles, the mechanism explained in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} is at work. Particles with diameters smaller than the cilia pitch (*e.g.*, with ratios smaller than 1) can only touch maximally three cilia simultaneously. As a result, they either rotate on top of the contacting cilia, they move noncontrollably, or they get stuck onto the PDMS substrate between the cilia (see [Movie S9](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_013.mp4)). On the other hand, particles that have a diameter of over 2 times the cilia pitch can touch more than four cilia simultaneously. Consequently, the large particles can be pulled to any direction by the surrounding cilia (see [Movie S10](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_014.mp4)), and therefore, the movement is less controllable.

We have also experimentally studied the transportation of the same particles in air rather than in water, which has relevant applications for particle manipulation, self-cleaning, and antifouling under dry conditions. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D, the cilia array is capable of controllably transporting PLA particles with a diameter between 1 and 2 cilia pitches in air albeit at a speed slower than that in water. That the speed is slower in air is probably because the adhesion between the particle and the cilia in air is larger than that in water, and thus more rotation cycles are needed to transport the particle one cilia grid further in air. The particles with diameters outside the 1 to 2 particle-to-pitch ratio range can still be transported but with less control over the direction. More interestingly, particles smaller than the cilia pitch can be transported along the opposite designated direction ([Movie S11](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_015.mp4)). The reason is that these particles are transported directly on top of the PDMS substrate by the direct step-by-step push by the cilia approximately along the direction of the recovery stroke. The capability to transport particles in air enhances the functionality of the MAC array. The fact that, for full motion control, the particle diameter to pith ratio must be between 1 and 2 implies that the particle transportation system must be designed for specific particle sizes, which is probably very acceptable for applications in which the expected particle range is not too large.

Hence, particles of any size that have an appropriate adhesion to the cilia can be transported controllably by the cilia array with a pitch between 0.5 and 1 times the particle size. Miniaturization and scale-up of particle transportation can be realized by fabricating MAC arrays with corresponding geometrical sizes and spatial configurations. Moreover, the area of the transportation can be scaled up by fabricating larger ciliated areas and ensuring sufficient actuation of the MAC around the moving particle, for example, by readjusting the center of the rotating magnet or by creating a larger area of uniform magnetic field using an electromagnet.

Multidirectional Particle Transportation on Ciliated Surfaces {#sec2.5}
-------------------------------------------------------------

We have already demonstrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}H that we can achieve multidirectional particle transport over a ciliated surface, by changing the cilia motion during the transportation. Here, we explore this important capability of our method in more detail. Our cilia perform a rotation along a tilted cone ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C3) that is characterized by (1) the direction of the tilt of the cone along which it rotates, that is, the tilting direction, TD (yellow arrow in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C3), (2) the direction of the effective stroke, ED (red arrow in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C3), and (3) the amplitude of the cilia motion (α in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C3). In our experimental setup sketched in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C2, TD is determined by the location of the axis of rotation of the magnet with respect to the cilia (*i.e.*, *d* in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C2); ED is determined by the rotation direction of the magnet; α depends on the location of the magnet, the strength of the magnet, and the magnetic susceptibility of the cilia. For the direction of the particle transportation, only (1) TD and (2) ED are relevant.

For our cilia configuration, the possible combinations of TD and the ED are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. The four panels correspond to four tilting directions (yellow arrow). For each tilting direction, there are two possible effective stroke directions, indicated by the dashed black and white arrows. The corresponding particle transportation directions are indicated by the solid black and white arrows in the ciliated area. Clearly, the particle can be transported in any of the shown four directions by adjusting the tilting direction and/or the effective stroke direction, and the particle can be moved to any location in the ciliated area by shifting between the different modes.

![Multidirectional particle transportation over a ciliated surface by changing the actuation mode of the cilia. (A) Different modes of cilia motion, in which the tilting direction is varied in the four different panels between 0, 90, 180, and 270° (yellow arrow); for each TD, there are two possible effective stroke directions indicated by the dashed black and white arrows; the corresponding particle transportation directions are indicated by the solid black and white arrows. (B) Particle trajectories obtained from numerical simulations, starting at the area center, in which the tilting direction and the effective stroke direction were varied. The parameters used were those in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, and the rotation frequency was 1 Hz. (C) Superposed time sequence images (top view) of a 500 μm PLA particle transported on a cilia array with a pitch of 450 μm, rotating at a frequency of 1 Hz. By changing mode of actuation between situations shown in panel A during the experiment, the particle is made to travel along a "z"-shaped trajectory (see also [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_003.mp4), in which the effective stroke, tilting directions and particle transportation direction are shown over time). The blue arrows show particle transportation direction.](nn0c03801_0004){#fig4}

This is demonstrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B that depicts results from numerical simulations. The lines shown are simulated particle trajectories, starting from the center of the area, for different directions of the tilt and effective stroke. These results also show that small deviations of 20° in TD and ED still result in controlled particle transportation along the four grid directions. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C, finally, demonstrates that, by changing TD and ED between different modes shown in panel A during the particle transportation, a particle can be directed along a predefined trajectory, in this case a "z". See also [Movies S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_003.mp4) and [S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_004.mp4).

In summary, the MAC array is capable of transporting individual particles along any trajectory and to any location within the ciliated area by appropriately changing the relative location of the magnet and its rotation direction during the process. More particles can be manipulated simultaneously, but as all cilia in the array are actuated synchronously, each particle will take the same trajectory (fully parallel, but shifted one or more pitch lengths relative to each other).

Conclusions {#sec3}
===========

Inspired by biological cilia and by combining experiments and numerical modeling, we have demonstrated an effective strategy to transport individual particles over a surface with controllable direction and speed using an array of magnetic artificial cilia, which forms a major step forward compared to our earlier work^[@ref28],[@ref29]^ in which particles and microalgae were removed collectively from ciliated surfaces without the intricate motion control possible with the current method. Specifically, we have shown that, by actuating the MAC array to perform a tilted conical motion using a rotating magnet, the artificial cilia are able to transport polylactic acid particles with a diameter ranging from 1 to 2 times the cilia pitch at a speed up to 800 μm/s in water along designated directions with high controllability; the mechanism also works in air at a somewhat slower speed. The numerical simulations show that the adhesion and friction between the particles and the cilia are crucial ingredients of the mechanism of transportation, which is totally different from the working principles of our earlier work^[@ref28],[@ref29]^ that strongly rely on fluid flow induced by the cilia. The transportation direction is defined by the combination of tilting direction and effective stroke direction of the MAC. We have demonstrated that this system can transport particles along designated paths over the 2D ciliated area. Our proposed platform offers an alternative to existing methods in manipulating particles, with the following advantages: (1) controlled directional transport over surfaces, (2) controlled transport speed, (3) valid in both dry and wet conditions, (4) ease of control, (5) no need for applying an acoustic or electrical field, and (6) high resolution (at particle precision), but with the limitation that the cilia array must be specifically designed for particular particle sizes as well as adhesion/friction properties. Our findings provide opportunities to enhance applications in diverse fields in which control of particles (including synthetic particles, biological cells, and tissues) is relevant, including drug delivery for organ-on-a-chip applications, *in vitro* cell analyses, microfluidics, and self-cleaning and antifouling in both dry and wet conditions.

Materials and Methods {#sec4}
=====================

Fabrication of Magnetic Artificial Cilia {#sec4.1}
----------------------------------------

The fabrication consisted of five steps, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A.^[@ref28],[@ref35]^ (1) A uniform magnetic precursor mixture consisting of PDMS (Sylgard 184, Dow Corning; base to curing agent weight ratio = 15:1) and magnetic microparticles (carbonyl iron powder, CIP, 99.5%, SIGMA-Aldrich) was poured onto a mold made of a 350 μm thick SU-8 layer with microwells patterned using photolithography, followed by a degassing procedure. The weight ratio between the PDMS and the CIP was 1:2. (2) The excess magnetic mixture outside the microwells was removed. (3) Pure PDMS (base to curing agent weight ratio = 15:1) was poured onto the mold. After being degassed, the pure PDMS layer was defined to a thickness of 150 μm by spin-coating at a rotating speed of 400 rpm for 30 s. (4) A permanent magnet with a size of 15 × 15 × 8 mm^3^ and a remnant flux density of 1.2 T was put underneath the mold in order to align the magnetic particles within the mold. The sample was left in an oven at 100 °C for 1.5 h to cure the mixture (see [SI6](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf) for details). (5) The cured pure PDMS layer with PDMS-CIP micropillars was peeled off the mold. Finally, the staggered MAC arrays with the same geometry as the mold, namely, a diameter of 50 μm and a height of 350 μm, were obtained ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), "standing" on a transparent PDMS base substrate.

Experiments on the Particle Transportation by the MAC {#sec4.2}
-----------------------------------------------------

Polylactic acid particles (micromod Partikeltechnologie GmbH) with diameters from 400 to 800 μm were used. The volumetric mass density of these particles is in the range of 1.1 to 1.5 g/cm^3^ according to the supplier. The particle transportation experiments done in liquid were performed using the following procedure. First, using a plastic pipet, deionized water was injected slowly into the circular chip indicated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C1 to completely fill the channel. Then, a particle was loaded on the ciliated surface using a plastic pipet. Subsequently, during experiments, the MAC were actuated by an in-house-developed magnetic actuation device ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C2 and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf)) to perform the tilted conical motion shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C3. A CMOS camera (DFK 33UX252, Imaging Source Europe GmbH) mounted on a stereomicroscope (Olympus SZ61) was used to record the movement of the particle by taking image sequences at a frame rate of 60 fps. Finally, the movement of the particle was analyzed using ImageJ. Each data point was obtained by averaging the results of at least three identically but separately performed experiments.

The experiments in air were performed in exactly the same way as those in liquid, except that the injection of deionized water was omitted.

Modeling of the Magnetic Artificial Cilia and the Cilia--Particle Interaction {#sec4.3}
-----------------------------------------------------------------------------

In our simulations, the cilia are elastic rods with a length *L*~0~, a circular cross-sectional area *A*, and Young's modulus *E*, which we discretize by a string of beads that are connected through linkers between the bead's centroids.^[@ref36],[@ref37]^ The spatial coordinates of the beads are denoted by ***x***~*i*~, where *I* = 1, \..., *N*, and *N* (=181 × *n*) is the number of beads: there are 181 cilia in the analyzed cilia array with each cilium consisting of *n* beads. For all beads, ***r***~*ij*~ ≡ *r~ij~****\^r*\^**~*ij*~ = ***x***~*j*~ -- ***x***~*i*~ denotes the connection vector pointing from bead *i* to *j*, where *r*~*ij*~ is the distance between the bead centroids and ***\^r****\^*~*ij*~ is the direction unit vector. The special class of connection vectors between neighboring beads along the cilium is denoted by ***t***~*i*~ ≡ ***r***~(*i*--1)*i*~ = *l*~*i*~***\^t*\^**~*i*~, with ***t̂***~*i*~ being the direction unit vector and *l*~*i*~ the distance between neighboring bead centroids.

Each ciliary bead is subjected to a magnetic force generated by the external magnetic field, a bonding force due to the neighboring cilia beads and an interaction force between the ciliary bead and the particle. As a result, the total force acting on bead *i* can be expressed asThe viscous interaction with the fluid is accounted for through a hydrodynamic interaction mobility matrix (see below). The magnetic force on bead *i* is due to the magnetic interaction between dipole ***p***~*i*~ and the magnetic dipoles ***p***~*j*~ in all other ciliary beads and can be written as^[@ref38]^with the dipoles in the beads being induced by the external magnetic field ***B***~*j*~ according to^[@ref38],[@ref39]^with **1** being the unity tensor and ***B***~*j*~ the external field at the location of the bead. Here, χ~∥~ and χ~⊥~ are the magnetic susceptibilities along and perpendicular to the cilia axis, respectively (all cross-terms are taken to be zero); μ~0~ is the permeability of free space, and *a*~m~ is the effective magnetic radius of the beads (which is not equal to the actual bead radius *a*~b~) to account for the dipole--dipole interaction. For details on the calculation of *a*~m~, χ~∥~, and χ~⊥~ the reader is referred to section SI 2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf).

The bonding forces that the ciliary beads feel from the neighboring beads are due to elastic bending and stretching.^[@ref36],[@ref37]^ The total stretching energy of one cilium consisting of *n* beads can be written aswhere *l*~0~ is the stress-free rest length between two neighboring beads and *k* the stretching stiffness of an elastic rod given by *EA*/*l*~0~. The first bead is assumed to be rigidly connected to the surface. Similarly, we can write the total bending energy of the cilium aswhere *C* is the bending stiffness. The total bonding force acting on bead *i* can now be obtained fromwhere ∇~***x**~i~*~ is the gradient operator with respect to the independent variable ***x***~*i*~. A closed-form expression for the bonding force is given in ref ([@ref36]).

The interaction force ***F***~*i*~^interaction^ = ***F***~*i*~^adhesion^ + ***F***~*i*~^friction^ accounts for the adhesive and friction forces between the cilium and the particle. The Morse potential *U*~*i*p~^M^ is used to model the adhesive interaction between ciliary bead *i* and the particle (subscript p), given by^[@ref40],[@ref41]^where *D* and β are the two Morse parameters (the adhesive strength and the adhesive interaction range, respectively), *r*~*i*p~ is the spacing between ciliary bead *i* and the particle, *a*~p~ is the radius of the particle, and *a*~b~ is the radius of the ciliary bead.

The adhesive interaction force between the particle and ciliary bead *i* iswhere *g*~*i*~ = *C*~ad~(1 -- ***r̂***~*ip*~·***t̂***~*i*~) is a geometrical term added to account for the difference in contact area between a continuous beam and a string of beads, with *C*~ad~ as a dimensionless parameter (the contact area modification constant), and ***r̂***~*ip*~ is the unit vector pointing from ciliary bead *i* to the particle. In addition, we introduce a friction force ***F***^friction^ to describe the frictional interaction between the cilia and the particle, defined as^[@ref42]−[@ref45]^where ξ~*i*p~ = ξ~*i*p~***t****\^*~*i*~ is the shear displacement between ciliary bead *i* and the particle in the tangential direction defined by ***t̂***~*i*~*.* Here, we assume that hydrodynamic lubrication is negligible,^[@ref42]^ and the friction develops in a stick--slip manner that is frequently observed in the contact between particles,^[@ref43]^ with the friction forces and displacement irreversibly set to zero when a maximal shear displacement is attained^[@ref45]^ and with *C*~fr~ being a phenomenological friction constant.

The particle is subjected to gravity, buoyancy, and the interaction forces with the cilia, which can be written aswith the summation accounting for all frictional and adhesion forces by the cilia, *g* is gravitational acceleration, and *m* is the buoyant mass of the particle, given bywith *a*~p~ being the radius of the particle, ρ~p~ the density of the particle and ρ~H~2~O~ the density of water.

For low Reynolds numbers, fluid flow is fully dominated by viscosity so that inertial effects can be neglected. In that case, the hydrodynamic coupling between the fluid, the cilia beads, and the particle is captured by the linear equations of motion:^[@ref36]−[@ref38]^where **μ**~*ij*~ is the mobility matrix accounting for the dynamics of the beads and particle in a viscous fluid in the neighborhood of a solid half-plane (the substrate). Here, we employ the Rotne--Prager approximation for differently sized spheres, which depends on the kinematic fluid viscosity *v*.^[@ref36],[@ref38],[@ref46]^ Although this approximation assumes that the particles are far apart, this is not expected to significantly affect the results due to the dominance of adhesion and friction at short bead--particle distances. The differential [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} was solved numerically using the Euler method.^[@ref36],[@ref38]^

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} gives an overview of all parameters used in the computational model. The cilia and particle parameters *a*~b~, *a*~P~, *p*, and ρ~p~ were taken directly from the experiments. The equilibrium spring length *l*~0~ was determined by the cilium length (*L*~0~) and the number of beads per cilium (*n*). The effective magnetic bead radius *a*~m~ was calculated from the experimental CIP volume (see section SI2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf) for details). The magnetic strength ***B*** and susceptibility **χ** (χ~∥~ along the cilium, χ~⊥~ perpendicular to the cilium) were taken from the experimentally determined values from our earlier paper (details can be found in [section SI2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf)).^[@ref35]^ The stretching stiffness *k* was taken large enough so that the cilia do not deform axially.^[@ref36]^ The bending stiffness *C* was chosen such that the cilia perform the same motion as in the experiments, with the same maximum bending angle of 72° when exposed to the magnetic field in the experimental setup, as determined in our earlier paper (see [SI3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf) for details).^[@ref35]^ The particle--cilia interaction parameters *D*, *C*~ad~, and *C*~fr~ were set by fitting the computed particle transportation results to that of the experiments for a frequency of 7 Hz (see also [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). The value of β was chosen such that the length scale over which the Morse potential falls off is much smaller than the size of the particle (*i.e.*, 1/β ≪ *a*~p~).^[@ref40]^ The best-fitted model gave *C*~ad~ = 3, an adhesive strength *D* = 3.2 × 10^--13^ J, and a friction constant *C*~fr~ = 1 × 10^--1^ N m^--1^. The rotational frequency of the magnetic field *f* was varied between 1 and 20 Hz.

###### Parameters Used in the Numerical Simulations

  ---------- ------------------------------------ ----------------------
  *L*~0~     cilia length                         350 μm
  *a*~b~     bead radius                          25 μm
  *n*        number of beads per cilium           7
  *l*~0~     equilibrium spring length            50 μm
  *a*~p~     particle radius                      250 μm
  *C*~ad~    contact area modification constant   3
  *a*~m~     effective magnetic bead radius       16.7 μm
  *p*        cilia pitch                          450 μm
  ρ~p~       particle density                     1100 kg/m^3^
  ρ~H~2~O~   water density                        1000 kg/m^3^
  *k*        stretching stiffness                 3 N/m
  *C*        bending stiffness                    1.5 × 10^--14^ Nm^2^
  *C*~fr~    phenomenological friction constant   1 × 10^--1^ N/m
  *D*        adhesive strength                    3.2 × 10^--13^ J
  β          adhesive interaction range           0.3 per μm
  *v*        kinematic viscosity                  10^--6^ m^2^/s
  ---------- ------------------------------------ ----------------------

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.0c03801](https://pubs.acs.org/doi/10.1021/acsnano.0c03801?goto=supporting-info).Movie S1A: One recorded experiment together with one simulation in deionized water, showing that a 500 μm PLA particle is transported unidirectionally ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_001.mp4))Movie S1B: Part of S1A (duration 10 s) played at 0.5 times the real speed, showing the particle transportation process in more detail ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_002.mp4))Movie S2: One recorded experiment, showing that a 500 μm PLA particle, in deionized water, is transported along a z-shaped trajectory ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_003.mp4))Movie S3: One recorded simulation, showing that a 500 μm PLA particle, in deionized water, is transported along a z-shaped trajectory, using the same protocol as in the experiment of S2 ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_004.mp4))Movie S4: One recorded simulation in deionized water, showing that a 500 μm PLA particle cannot be transported without friction force at actuation frequency of 7 Hz ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_005.mp4))Movie S5: One recorded simulation in deionized water, showing that a 500 μm PLA particle is transported unidirectionally on an 8-ciliated surface at an actuation frequency of 7 Hz for a friction constant *C*~fr~ = 1 × 10^--1^ N/m and an adhesive strength of *D* = 8 × 10^--13^J ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_006.mp4))Movie S6A: One recorded real-time experiment in deionized water in which the cilia array contains rows of nonmagnetic cilia, showing that when cilia 3 and 4 as shown in Figure S6A are nonmagnetic, and thus no pushing forces are applied by the cilia, the 500 μm PLA particle cannot be transported ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_007.mp4))Movie S6B: One recorded real-time experiment in deionized water in which the cilia array contains rows of nonmagnetic cilia, showing that when cilia 5 and 6 as shown in Figure S6B are nonmagnetic and thus no pulling forces are applied by the cilia directly in front of the particle, the 500 μm PLA particle cannot be transported ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_008.mp4))Movie S6C: One recorded real-time experiment in deionized water in which the cilia array contains rows of nonmagnetic cilia, showing that when cilia 7 and 8 as shown in Figure S6C are nonmagnetic and thus cannot be actuated by the applied magnetic field, the 500 μm PLA particle can still be transported one cilia grid forward by the action of cilia 3--6, but no further ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_009.mp4))Movie S6D: One recorded real-time experiment in deionized water in which some of the cilia are completely removed, showing that when cilia 7 and 8 as shown in Figure S6D are removed, the 500 μm PLA particle can be transported after long time actuation (around 15 s, which is 5 times the time needed to transport the particle one cilia grid forward by the normal cilia array), but no further as the particle--cilia contact is lost ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_010.mp4))Movie S7: One recorded experiment in which the liquid is 1 vol % sodium dodecyl sulfonate which reduces the adhesion between the PLA particles and the cilia array (25), showing that a 500 μm PLA particle can only rotate on top of the cilia and cannot be transported when the cilia rotate at 1 Hz (1--29 s) ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_011.mp4))Movie S8: One recorded simulation in deionized water, in which the density of the PLA particle is taken equal to that of the fluid, *i.e.*, ρ~p~ = ρ~H~2~O~ showing that a 500 μm PLA particle with the same mass density as water is transported directionally ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_012.mp4))Movie S9: One recorded experiment in deionized water, showing that the PLA particles with a diameter 400 μm, *i.e.*, smaller than the MAC pitch of 450 μm, either rotate on top of the contacting cilia, or move noncontrollably, or get stuck onto the PDMS base substrate ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_013.mp4))Movie S10: One recorded experiment in deionized water, showing that a PLA particle with a diameter of 800 μm, larger than the MAC pitch of 350 μm, is pulled to any direction by the surrounding cilia, and thus cannot be transported controllably ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_014.mp4))Movie S11: One recorded experiment in air, showing that the 400 μm PLA particles (smaller than the MAC pitch of 550 μm) can be transported along the direction of the recovery stroke on the PDMS substrate by the cilia direct push, contrary to the directional transportation of particle with a diameter of 1 to 2 times the cilia pitch ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_015.mp4))Supporting figures and tables that demonstrate the actuation setup, the magnetic field experienced by the MAC, parametrization of the MAC for numerical simulations, forces acting on the transported particle, experimental verification of the particle transportation mechanism, relationship between cilia bending angle and curing duration, and supplementary movie captions ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03801/suppl_file/nn0c03801_si_016.pdf))
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